Understanding how parental distance affects offspring fitness, i.e., the effects of inbreeding and outbreeding in natural populations, is a major goal in evolutionary biology. While inbreeding is often associated with fitness reduction (inbreeding depression), interpopulation outcrossing may have either positive (heterosis) or negative (outbreeding depression) effects. Within a metapopulation, all phenomena may occur with various intensities depending on the focal population (especially its effective size) and the trait studied. However, little is known about interpopulation variation at this scale. We here examine variation in inbreeding depression, heterosis, and outbreeding depression on life-history traits across a full-life cycle, within a metapopulation of the hermaphroditic snail Physa acuta. We show that all three phenomena can co-occur at this scale, although they are not always expressed on the same traits. A large variation in inbreeding depression, heterosis, and outbreeding depression is observed among local populations. We provide evidence that, as expected from theory, small and isolated populations enjoy higher heterosis upon outcrossing than do large, open populations. These results emphasize the need for an integrated theory accounting for the effects of both deleterious mutations and genetic incompatibilities within metapopulations and to take into account the variability of the focal population to understand the genetic consequences of inbreeding and outbreeding at this scale.
T HE importance of inbreeding and outbreeding on fitness has been recognized for a long time (Darwin 1876; Dobzhansky 1936; Wright 1937; Crow 1948 ) and has more recently reclaimed importance on theoretical (Lynch 1991; Schierup and Christiansen 1996; Merilä and Sheldon 1999; Bierne et al. 2002; Edmands and Timmerman 2003; Shpak 2005 ) and conservational (Frankham 1999; Quilichini et al. 2001; Marr et al. 2002; Tallmon et al. 2004; Aspi et al. 2006; Willi et al. 2007 ) grounds. It is widely assumed that there is some optimal genetic distance (or degree of relatedness) between parents, above and below which offspring fitness decreases (Price and Waser 1979; Waser 1993) . However, little can be predicted about this optimum, essentially because the two sides are explained by different theories and assumed to result from different categories of mutations.
Within populations, mating between relatives (inbreeding) is often associated with reduction in performance when compared to outbreeding, a phenomenon known as inbreeding depression Charlesworth 1987, 1999) . Inbreeding depression has been observed in most plant and animal species (Husband and Schemske 1996; Crnokrak and Roff 1999; Keller and Waller 2002) and has been usually attributed to the expression of recessive lethal and sublethal mutations maintained in appreciable frequency in large outbred populations (Mukai et al. 1974; Deng et al. 1998; Keller and Waller 2002) . To a lesser extent, overdominance (Charlesworth and Charlesworth 1999; Li et al. 2001) and epistasis (Lynch 1991; Lynch and Walsh 1998) may also contribute to the low performance in inbred individuals.
The same category of mutations is thought to be responsible for heterosis, i.e., the higher fitness in interpopulation hybrids compared to offspring of withinpopulation crosses (Lynch and Walsh 1998) . Heterosis seems to be mainly produced by the presence of complementary sets of deleterious recessive alleles within both parental populations and the masking of their effects in the F 1 heterozygotes (Lynch and Walsh 1998; Remington and O'Malley 2000) . Such alleles generally have small effects on fitness; hence they can approach fixation by random genetic drift in some isolated populations (Kimura et al. 1963; Lynch 1991; Whitlock et al. 2000) . As for inbreeding depression, overdominance and epistatic interactions may also be involved in heterosis (Lynch 1991; Lynch and Walsh 1998) . 1 However, hybridization between divergent populations may eventually result in a loss in fitness, a phenomenon known as outbreeding depression (Lynch 1991; Edmands 1999) , considered as a first step in the way to speciation. Such a decline in fitness may be apparent in F 1 hybrids, which have a complete haploid set of genes from each parent, but it is usually considered more likely to be observed in F 2 and later generations, when deleterious interactions among recessive alleles at different loci get exposed to selection due to recombination (Lynch 1991; Edmands 1999 Edmands , 2007 . On the other hand, outbreeding depression can appear in the F 1 as a result of the disruption of local adaptation (gene 3 environment interactions), underdominance, or epistatic interactions such as the breakup of favorable additive 3 additive epistatic effects (Burton 1990; Lynch 1991; Edmands 1999) , all of which can be subsumed under the term ''genetic incompatibilities.'' Unlike the alleles responsible for inbreeding depression and heterosis (which are unconditionally deleterious), alleles creating genetic incompatibilities become deleterious only when they interact with a foreign genetic background. In amongpopulation crosses, either heterosis or outbreeding depression, depending on the pairs of populations considered, has been observed in natural populations of plants (Waser and Price 1994; Trame et al. 1995; Byers 1998; Fenster and Galloway 2000; Waser et al. 2000; Pélabon et al. 2005; Willi and Van Buskirk 2005) and animals (Burton 1990; Edmands 1999; Gharrett et al. 1999; Aspi 2000; Andersen et al. 2002; Gilk et al. 2004) .
Many parameters determine the expected levels of inbreeding depression, heterosis, and outbreeding depression in natural populations, including effective population size, selection coefficients, dominance coefficients, migration rates, and mutation rates (Whitlock et al. 2000) . Among these, the effective population size is of great importance since genetic drift will be greatest when the effective size of local populations is smallest (Hartl and Clark 1997) , which increases the likelihood of fixation of alleles (Kimura et al. 1963; Bataillon and Kirkpatrick 2000) . For this reason, one expects smaller populations to exhibit reduced inbreeding depression compared to larger ones (Bataillon and Kirkpatrick 2000; Glémin 2003) . On the other hand, since genetic drift and mutation cause allele frequencies to vary among local populations, smaller population size leads to a higher level of genetic differentiation among populations and hence increases heterosis caused by deleterious recessives (Whitlock et al. 2000) . For the same reason, small population sizes may increase outbreeding depression due to genetic incompatibilities. Consider, for instance, an underdominant locus with alleles A and a, with fitness AA . aa . Aa. In this case, outbreeding depression is due to the increased heterozygosity in interpopulation F 1 compared to withinpopulation crosses. Natural selection favors the fixation of either A or a alleles within demes (while migration among demes tends to restore intermediate frequencies). In small demes, the effect of random genetic drift adds up to that of selection and favors even more rapid divergence and fixation of alternative alleles. Thus, interpopulation hybridization should lead to stronger outbreeding depression in small demes than in larger ones. This principle remains valid with other types of genetic incompatibilities than underdominant loci (e.g., epistasis). However, because heterosis and outbreeding depression both increase when population size is small, they may partly cancel each other, and thus the overall effect of population size is not easy to predict.
The expected effects of decreasing selection intensity are similar, to a large extent, to those of decreasing population size. This is because in both cases selection becomes weaker relative to genetic drift. Therefore, the consequences of inbreeding and outbreeding may not be the same depending on the trait under consideration and are likely to vary among traits expressed at different life stages. For example, selection is expected to be weaker on late-expressed traits (Hamilton 1966; Rose 1991) . Another possible origin of variation among traits is that some traits are more mutable than others: for example, many semilethal mutations on basic functions will not be expressed further than early life stages because mutant individuals die early. Early-expressed traits therefore appear as larger ''mutational targets'' than late-expressed traits.
Most studies of the effects of inbreeding and outbreeding (or, more generally, parental divergence) on offspring fitness in natural populations are performed by crossing a set of individuals from a single population to increasingly distant mates. However, given the intrinsically stochastic nature of genetic drift and the process of fixation of deleterious mutations, the variation in the effective size, in the degree of isolation, and in the intensity of selection among populations, it is not clear to which extent the observed patterns (e.g., heterosis or outbreeding depression at a certain distance) are general or specific to the focal population and traits. For example, even in a metapopulation where on average there is neither heterosis nor outbreeding depression, different populations may have different average breeding values for a given trait. Such traits will tend to increase upon outcrossing (heterosis) if the focal population is below average and will tend to decrease (outbreeding depression) if it is above average. We therefore need more studies to understand the amount of variation of the effects of inbreeding and outbreeding among demes in a metapopulation.
In this article we examine how the effects of inbreeding and outbreeding vary (and covary) among traits expressed at different life stages, and among populations, in the hermaphroditic self-fertile freshwater snail Physa acuta. These populations are taken within a few kilometers in a single metapopulation, harboring different local habitats characterized by different expected population sizes and degrees of isolation. We use controlled crosses and molecular analyses to ask several questions: (i) Do inbreeding depression, heterosis, and/or outbreeding depression occur simultaneously at the same geographic scale?; (ii) If so, do they affect in the same way different traits expressed early and late in the life-cycle?; and (iii) Do local populations differ in the amount of inbreeding depression and heterosis or outbreeding depression, and are these differences related to local population characteristics represented by the habitat type?
MATERIALS AND METHODS
Studied species and sampled populations: The studied species, P. acuta, is a simultaneously hermaphroditic freshwater snail exhibiting both high outcrossing rates (80-100%, Jarne et al. 2000; Henry et al. 2005) and high inbreeding depression (78-90%, Jarne et al. 2000; Escobar et al. 2007) . It is an oviparous species laying egg capsules, typically containing a few tens of eggs. Hatching occurs within 6-7 days after egg laying, and sexual maturity is attained within 6-8 weeks at 22°À24°in laboratory conditions.
Ten populations of P. acuta were sampled within 25 km around Montpellier, southern France, in October-November 2005 (Table 1) . Five of these were from isolated ponds and 5 from rivers. Pond populations are assumed to have lower effective size and to be more isolated from the rest of the metapopulation than are river populations. A previous study performed on 24 French populations of P. acuta has provided support for this assumption by finding more variation at microsatellite loci (number of alleles and gene diversity) in rivers than in ponds and higher F st among ponds than among rivers (Bousset et al. 2004) . This is in line with the fact that rivers are open habitats harboring large-sized populations that experience few bottlenecks, whereas ponds are closed habitats with small-sized populations subject to frequent bottlenecks (Bousset et al. 2004; Henry et al. 2005) .
Experimental setting: Wild mature individuals (G 0 ) were sampled in each population (100-200 individuals) and brought alive into the laboratory. A subsample from each population ($30 individuals) was preserved in 70% ethanol for subsequent molecular analyses. In the laboratory, G 0 individuals spent 1 week in high-density conditions ($20-30 individuals per 3-liter aquariums) to ensure cross-fertilization. Behavioral and molecular evidence suggests that self-fertilization is very unlikely whenever mates are abundant Bousset et al. 2004; Henry et al. 2005; David et al. 2007) . After this, 24-90 individuals per population were isolated in 75-ml plastic boxes and reproduction was checked every 2 days. Additional snails, not related to experimental families, were kept as large stock colonies (one colony per population) in optimal conditions to serve as mating partners later.
After some mortality occurred, 13-40 families per population were created by isolating egg capsules from G 0 parents in 75-ml boxes. The G 1 offspring of a given clutch were raised together for 2 weeks. At 15 days, density was standardized (five individuals per box) and at 22 days, prior to sexual maturity, G 1 offspring of each family were isolated (one individual per box). This experimental protocol avoids mating among relatives while reducing the number of boxes to handle. At 30 days, offspring from each family were randomly split into three treatments: selfing and intra-and interpopulation outcrossing.
Selfers (N ¼ 503) were kept isolated throughout the experiment until they reproduced. Intrapopulation outcrossers (N ¼ 401) were given adult mates, randomly chosen from the stock colony corresponding to their own population. Interpopulation outcrossers (N ¼ 872) were given adult mates, randomly chosen from a stock colony corresponding to a different population. For this treatment, each population was crossed with at least two different populations, one pond and one river, following the crossing scheme shown in Figure 1 . Four types of crosses (female 3 male) were therefore created: pond 3 pond, pond 3 river, river 3 pond, and river 3 river. In both intra-and interpopulation outcrossing treatments, each G 1 individual was mated with at least three different randomly chosen adult partners by periods of 48 hr each. To identify partners, we marked them with a dot of varnish on the shell (Henry and Jarne 2007) . Eggs obtained during mating periods were discarded because of uncertainty in maternity. Only eggs obtained after the removal of partners were conserved for subsequent measures. Reproduction in all treatments was checked three times a week. Snails were maintained at 25°under a 12 hr:12 hr light:dark photoperiod and fed with boiled lettuce. Food and water were changed twice a week.
Traits measured: G 2 eggs (mean 6 SD: 78 6 37 eggs per mother) were counted and isolated in 75-ml boxes. An estimate of early survival was obtained as the number of living G 2 individuals 15 days after the egg laying divided by the number of eggs in the clutch (hereafter, 0-to 15-day survival). As in the previous generation, density was adjusted at 15 days (five individuals per box) and individuals were isolated at 22 days. Survival between 15 and 22 days was computed. Size (height from the base to the apex of the shell) was measured in G 2 individuals at isolation (22 days) by means of digital pictures (Nikon coolpix 5900) analyzed with the ImageJ 1.34s software (Rasband 2007) . At 45 days, virgin G 2 individuals were pair mated with a single adult partner from the stock colony corresponding to the original maternal population during 24 hr. As above, partners were marked with a dot of varnish on the shell and clutches laid throughout the mating period were discarded. At 49 days, fecundity was measured as the number of eggs laid after the removal of the partner (i.e., through 72 hr). Additionally, we computed 22-to 49-day survival.
At 50 days, 1-26 G 2 individuals (mean 6 SD: 6 6 4 individuals) per family and population were individually marked using a numbered, colored plastic tag for honeybees (Ickowicz Apiculture, Bollène, France) and a dot of varnish on the shell (Henry and Jarne 2007) . This double marking provided unique combinations for .1200 snails. Tagged individuals (N ¼ 1253) were randomized and grouped in 3-liter plastic aquariums at constant density (100 individuals per aquarium). Density was adjusted within aquariums every week, using when necessary unmarked nonexperimental individuals randomly taken from stock colonies. Individuals were randomized across aquaria every week to avoid commonenvironment effects. Mortality within aquaria was checked three times a week. Late survival of marked snails was then quantified as the age at death minus 49 days. This measure is thought to represent the reproductive life span (RLS) because the first reproduction occurred at 46-49 days for most G 2 individuals (72%), constrained by the fact that we provided the mates only at this time. Every 2 weeks, marked G 2 snails were isolated in 75-ml boxes during 72 hr to quantify their fecundity. At that moment, snails were measured by means of digital pictures, as described above.
Selfed and intra-and interpopulation outcrossed 0-to 15-day survival was recorded from 60,396 G 2 eggs; 15-to 22-and 22-to 49-day survivals were estimated from 5837 and 2322 individuals, respectively, and RLS was estimated in 1253 individuals. Fecundity was estimated from 1801 individuals. Size was measured in 5150 individuals at 22 days and in 1117 individuals at 150 days.
Molecular analyses: DNA was extracted using the DNeasy blood and tissue kit (QIAGEN, Valencia, CA) from 100 mg of $30 G 0 individuals per population (N ¼ 276), maintained in 70% ethylic alcohol, and eluted in 200 ml of sterilized water.
Ten loci were used for the PCR amplification: Pac1, Pac2, and Pac5 (Sourrouille et al. 2003) ; locus 27, locus 32-B, and locus 59-B (Monsutti and Perrin 1999) ; and Pasu1-02, Pasu1-09, Pasu1-11, and Pasu1-12 ( J. Goudet, personal communication). The loci used were multiplexed in three subsets for genotype analysis: (i) Pac1, Pac2, Pac5, Pasu1-12, and locus 27; (ii) locus 32-B and locus 59-B; and (iii) Pasu1-02, Pasu1-09, and Pasu1-11. PCRs were conducted in a Mastercycler thermocycler (Eppendorf) using 10.0-ml final volumes, including 0.2 mm of each primer and 10 ng of genomic DNA, using the QIAGEN multiplex PCR kit.
PCR conditions were as follows: a 15-min activation of the HotStartTaq DNA polymerase at 95°; 30 cycles including 30 sec initial denaturation at 94°, 90 sec annealing, and 60 sec extension at 72°; followed by a 30-min final extension at 60°. For genotyping, 3.0 ml of diluted multiplexed amplicon were pooled with 13.0 ml of deionized formamide and 0.2 ml GeneScan-500 LIZ size standard and analyzed on an ABI Prism 3100 genetic analyzer.
Statistical analyses: G 2 individuals are characterized by their treatment (selfing and intra-and interpopulation outcrossing), maternal habitat (pond, river), maternal population (nested within maternal habitat), and family (nested within maternal population). In addition to the above factors, interpopulation-hybrid characterization includes the paternal habitat (pond, river) and paternal population (nested within paternal habitat).
Estimates of survival (0-15, 15-22, and 22-49 days, and RLS) were combined into a single cumulative measure (reproductive life expectancy, RLE) representing the expected number of days during which an individual is able to lay eggs. RLE was calculated as the product of survival rates from 0 to 49 days and RLS. Fecundity (number of eggs per day of reproductive life) was estimated by dividing the total number of eggs a G 2 individual laid during all 72-hr isolation periods before dying and the number of days in isolation. Finally, the expected lifetime reproductive success was calculated as the product of RLE and fecundity.
Deviance analyses were performed on survival and fecundity measures with R 2.4.0 (R Development Core Team 2006). Survival up to 49 days was analyzed by fitting generalized linear models (GLM), using a binomial error distribution (logit-link function). Data on RLS (ages at death minus 49 days, because all individuals were 49 days old when measures started) were analyzed using a GLM with Gamma error distribution (inverse-link function), which is convenient to analyze survival data without censoring (Crawley 2005) . Fecundity per day of reproductive life Figure 1.-Crossing scheme for interpopulation hybridizations. Each population was crossed with at least one river and one pond population. Arrows are from females to males. Thirty-three types of interpopulation crosses were performed (note that the female Mos 3 male Lez cross could not be performed).
was analyzed by a GLM using Poisson error distribution (loglink function).
Deviance analyses were performed in two subsets: (i) selfed and intrapopulation outcrossed performance and (ii) intraand interpopulation outcrossed performance, to test for inbreeding depression and heterosis (or outbreeding depression), respectively. In both cases analyses started with a complete model including all main effects: treatment, maternal habitat, maternal population (nested within maternal habitat), family (nested within maternal population), and all interactions. Then, terms were sequentially deleted, starting from higher-order interactions. To account for overdispersion, deviance ratios were computed to determine whether dropping a term from the model significantly reduced the explained deviance. These ratios are approximately F-distributed and are equivalent to F-values in ordinary ANOVA (Crawley 2005) .
Size measures were analyzed separately. We fitted individual Bertalanffy's growth curves, using
where L ' represents the mean maximum size, L 22 represents the size at 22 days (i.e., our first measure), and k is a relative growth rate. Only individuals with four or more size measures were taken into account for this analysis. Growth parameters were estimated using maximum-likelihood nonlinear fits performed with Mathematica 5.1 (Wolfram Research).
We computed size at 150 days (L 150 ) using Equation 1. Both L 22 and L 150 were analyzed with mixed-model ANOVA using the same factors as above. Treatment and habitat were analyzed as fixed effects, whereas population, family, and all interactions containing these two factors were considered as random effects.
Survival, fecundity, and size traits were log-transformed to express values in both a relative and an additive scale. The difference in the logarithm of fitness traits is a natural and statistically well-behaved measure of inbreeding depression and heterosis, in contrast to the traditional ratio measures (e.g., Johnston and Schoen 1994) . Log-inbreeding depression was estimated for each character, family, population, and maternal habitat using the estimator
where W intra corresponds to the mean fitness of intrapopulation-outcrossed offspring and W self holds for the mean fitness of selfed offspring. Note that Equation 2 is not a simple logarithmic transformation of the classic estimator of inbreeding depression, but a measure of the inbreeding load (Charlesworth and Charlesworth 1987; Willis 1999) . Likewise, log heterosis was estimated using
where W inter holds for the mean fitness of interpopulation hybrids. Note that log-transformed estimates can be back transformed to recover classic estimates using Y ¼ 1 À e ÀlnðX Þ ; Y represents either inbreeding depression (d) or heterosis (H). For survival traits, in some cases W ¼ 0 (no egg or individual survived) and logarithmic transformation was impossible. To avoid biasing the data set by dropping these values, we used the transformation ln(0.01 1 W) instead of ln(W) (Escobar et al. 2007) .
Microsatellite data served to estimate neutral variation within populations and between habitat types, fixation indexes (within and among populations and between habitat types, namely F is , F st , and F ct , respectively), and intrapopulation selfing rates. Molecular data were analyzed with Arlequin 3.11 (Excoffier et al. 2005) , FSTAT 2.9.3 (Goudet 1995) , and RMES . The RMES software estimates selfing rates on the basis of the distribution of multilocus heterozygosity; these estimates, unlike those derived from F is , have been shown to be insensitive to technical artifacts such as null alleles . Differences in allelic richness and expected heterozygosity between ponds and rivers were calculated, and significance of the test was assessed using a scheme of 1000 permutations (keeping the number of samples in each habitat type constant) with FSTAT 2.9.3 (Goudet 1995) .
Components of phenotypic variation for life-history traits were estimated among and within populations, as well as between habitats, using data from the intrapopulation outcrossing treatment. ANOVA were computed to estimate variance components. Analyses included habitat, population, and family as random effects. Survival and fecundity measures were log-transformed, whereas size measures were not. Variance components served to calculate quantitative indexes of phenotypic divergence (Spitze 1993) 
We additionally performed deviance analyses to distinguish between additive and nonadditive effects on hybrid fitness, as well as between symmetric and asymmetric nonadditive effects, using data from both intra-and interpopulation outcrossing treatments. We constructed an additive design matrix containing the number of genes (0, 1, or 2) contributed by each of the 10 populations to each cross (for example, in the cross female A 3 male B, A and B contribute one gene each; while in the intrapopulation cross A 3 A, population A contributes two genes and population B contributes none). We then fitted GLMs on (i) the above-described matrix of additive effects (in this way fitted values of interpopulation hybrids are forced to equal the midparent value); (ii) the identity of both parental populations, irrespective of which population acted as mother or father, i.e., A 3 B ¼ B 3 A (one value is fitted for each cross except that reciprocal crosses are forced equal); and (iii) maternal 3 paternal interaction in which we did distinguish reciprocal crosses (i.e., A 3 B 6 ¼ B 3 A). The first fit indicates additive effects on hybrid fitness, the second model includes symmetric nonadditive effects, and the third term indicates asymmetric nonadditive effects (e.g., maternal effects). Significance of the terms was obtained by means of deviance ratios, as described above.
Finally, three types of correlation analyses were performed: (i) between inbreeding depression, heterosis, and neutral diversity parameters (allelic richness and gene diversity); (ii) between population genetic divergence (calculated as F st =½1 À F st ; Rousset 1997) and interpopulation hybrid performance and heterosis; and (iii) between inbreeding depression and heterosis for all measured traits. Tests for associations were performed using Pearson's r and Spearman's r with JMP 7.0 (SAS Institute, Cary, NC).
RESULTS
Timing of inbreeding depression, heterosis, and outbreeding depression: The magnitude of inbreeding depression, heterosis, and outbreeding depression markedly changed across the life cycle. We detected strong inbreeding depression early in the life cycle (mean value of 1 À ½W self =W intra 6 SEM over popula- Figure 2A ). When combining survival at all stages (RLE), we detected a very strong inbreeding depression (0.71 6 0.05 [0.38-0.87]), mostly due to the high value at 0-15 days (Figure 2A) . Inbreeding depression on fecundity was also significant (0.29 6 0.06 [À0.01-0.52]) (Table 2; Figure 2A Figure 2A ).
On the other hand, significantly negative heterosis (i.e., outbreeding depression) for survival was detected in the two earliest age classes (mean value of 1 À ½W intra =W inter 6 SEM over populations (Table 3 ; Figure 2B ).
Neutral and phenotypic divergence among populations: We first analyzed the neutral genetic variation within populations and we found that rivers exhibited more neutral variation than ponds (Table 1) : differences in gene diversity were significantly greater in rivers than in ponds (one-sided P-value ¼ 0.006) and nearly significant for the allelic richness (one-sided Pvalue ¼ 0.061). The multilocus selfing rate was significant in one pond population (Vio 01, s ¼ 0.30), whereas other pond populations and all river populations exhibited selfing rates not significantly different from zero (Table 1) . Analysis of genetic and geographical divergence among populations did not provide evidence for isolation by distance (Mantel test, Z ¼ 81.74, r ¼ À0.18, P ¼ 0.73). Genetic divergence (F st ) among all populations was 0.12 6 0.01. It was stronger among Dev, deviance explained by the factor considered (i.e., change in deviance between models with and without that factor); MSQ, mean square; RLS, reproductive life span. The treatment factor has two modalities: selfed and intrapopulation outcrossed. Numerator and denominator degrees of freedom are given in parentheses with the corresponding F-values. ***P , 0.001; **P , 0.01; *P , 0.05; NS, P . 0.05. Note that for size at 150 days, there was no selfed progeny from population Vio 12. Therefore, the degrees of freedom associated with population are 7 instead of 8.
pond populations (0.20 6 0.07) than among river populations (0.08 6 0.02). The genetic differentiation between the two habitat types (pond vs. river) was quite low, though significant (AMOVA F ct : 0.02 6 0.03, P , 0.05) ( Table 4) . We then analyzed population variance for life-history traits using the intrapopulation outcrossing treatment alone. We found that the habitat type significantly affected both early survival and RLS: rivers exhibited on average slightly greater 0-to 15-day survival than ponds (0.58 6 0.07 and 0.49 6 0.06, respectively) and much longer RLS (51.03 6 3.19 and 37.57 6 1.24 days, respectively) ( Table 5) . Among-population variation (within habitats) was significant for all measured traits, whereas within-population (among-family) variation was significant only for 0-to 15-and 15-to 22-day survival and the two size measures (Table 5) . Amongand within-population variances for life-history traits served to calculate the quantitative index of population divergence (Q st ) between habitat types and to compare this measure with the among-population fixation index on neutral markers (F st ). On the one hand, rivers had mean Q st almost always greater than mean F st (the only exception corresponds to size at 22 days). On the other hand, ponds exhibited mean Q st lower than mean F st for 0-to 15-and 15-to 22-day survival, RLS, and size at 22 days and Q st . F st for 22-to 49-day survival, fecundity, and size at 150 days (Table 4) . Finally, F ct was almost always .Q ct , with the exception of RLS, where Q ct ? F ct (Table 4) , consistent with the large difference observed between the two habitats for this trait. Definitions are the same as in Table 2 . Treatment now includes two modalities: within-population outcrossing and interpopulation outcrossing. Population refers to the maternal populations (common to both treatments).
Population variability for inbreeding depression, heterosis, and outbreeding depression: Among-population variation in inbreeding depression was significant only for 0-to 15-day survival (population-by-treatment interaction in Table 2 ). However, this variation was not related with the maternal habitat (mean d 6 SEM ponds, 0.56 6 0.11; rivers, 0.55 6 0.05; Table 2; Figure  2A ). In all other traits inbreeding depression neither varied between habitats nor varied among populations within habitats (Table 2; Figure 2A) . Importantly, almost all populations exhibited inbreeding depressions on the lifetime reproductive success .0.5, the threshold above which cross-fertilization is assumed to be favored in most theoretical models. The only exception corresponds to the Buz population (0.45) ( Table 6 ). This result is in line with the fact that P. acuta is a preferentially cross-fertilizing species.
For each population i, the effect of outbreeding can be measured, keeping maternal effects constant, by using the relative difference (H ¼ 1 À ½W i;intra =W i;inter ) between the performance of offspring from crosses within population i (W i,intra ) and that of interpopulation hybrids whose mothers belong to population i and fathers belong to another population (W i,inter ). This relative difference significantly varied among populations for early survival (0-15 days), RLS, and fecundity (maternal population-by-treatment interaction; Table  3 ). Importantly, this variation was significantly related to the maternal habitat type for two of these three characters (maternal habitat-by-treatment interaction; Table 3 ): 0-to 15-day survival and RLS. Early survival decreased more upon interpopulation crossing when the mother population was in a river than when it was in a pond (H ¼ À0.45 6 0.18 in rivers and À0.15 6 0.12 in ponds). RLS increased more upon outbreeding when the mother population was in a pond than when it was in a river (H ¼ 0.22 6 0.09 and 0.02 6 0.09, respectively). These interactions were still significant when the two types of interpopulation crosses (with a pond and with a river paternal population) were distinguished in the analysis (data not shown). All other fitness traits showed similar effects of outcrossing between ponds and rivers ( Figure 2B) . Analysis of the lifetime reproductive success (LTRS) showed that rivers tended to exhibit negative heterosis (i.e., outbreeding depression) on the cumulative fitness measure, whereas ponds tended to have positive heterosis ( Figure 2B ; Table 6 ). However, this trend was not significant due to large variation among populations within each habitat.
For each population, we plotted the fitness of inbred individuals and interpopulation hybrids against the fitness of within-population cross-fertilized individuals to know whether differences in inbreeding depression and heterosis among populations could be due to additive effects. Under additive effects, populations having above-average values for fitness components in the intrapopulation outcrossing treatment would tend to exhibit less heterosis (or more outbreeding depression) than populations below average. This is because (additive) breeding values of interpopulation hybrids are the average of their two parental populations and therefore lower than the best, and higher than the worst, of these two parental populations. With regard to inbreeding depression, the same principle holds for different families within a population: families with above-average breeding values will tend to show less inbreeding depression than below-average families. Because we sampled a finite number of families within each population, the average of our sample can be, by chance, either higher or lower than the true population mean, resulting in a downward or an upward bias (respectively) on our estimate of inbreeding depression and a lower apparent inbreeding depression in aboveaverage populations. No such tendencies were, however, observed in our analyses (Figure 3 and supplemental Figure 1) .
Additive, nonadditive, and asymmetric effects of interpopulation hybrids: We further analyzed data from both intra-and interpopulation outcrossing treatments to determine the relative importance of additive, nonadditive, and asymmetric effects of interpopulation hybrids. By nonadditivity, we mean that interpopulation Variance components were calculated using the intrapopulation outcrossing treatment alone. Survival and fecundity variances were calculated after logarithmic transformation, whereas sizes were not. RLS, reproductive life span.
crosses differ from the average of parental populations. By asymmetry, we mean a difference in the fitness of a cross between two populations, depending on which population assumes the maternal role. Significant nonadditive effects were present for all traits, and significant asymmetries between reciprocal crosses were detected in all traits but RLS and size at 150 days (Table 7) . This is visible in Figure 4 (and supplemental Figure 2 ), which shows that most interpopulation crosses differ from their midparent value and often lie outside the parental range. Nonadditive effects are either positive (heterosis) or negative (outbreeding depression), depending on the trait and population. Figure 4 also illustrates that the two reciprocal crosses often yield contrasted results.
Correlation analyses: Three types of association tests were performed: (i) across maternal populations, between neutral-diversity parameters and inbreeding depression or heterosis; (ii) across pairs of populations, between population-genetic divergence and interpopulation-hybrid performance; and (iii) across maternal populations, between inbreeding depression and heterosis for all measured traits. None of the three types of correlations were significant, when considering our global measure of fitness (lifetime reproductive success). The same was true for all other traits, after correction for multiple comparisons (supplemental Tables 1-3) .
DISCUSSION
In this study we manipulated the relatedness among parental individuals, from selfing to interpopulation outcrossing, as well as the direction of hybridization (e.g., we distinguished between female A 3 male B and female B 3 male A crosses), and evaluated fitness effects in F 1 in the form of inbreeding depression, heterosis, and outbreeding depression expressed during a full-life cycle. We further analyzed theoretical predictions concerning the effective population size, neutral genetic diversity, and genetic variance on all three parameters.
Inbreeding depression, heterosis, and outbreeding depression simultaneously occur in the F 1 of a structured population: Our results show that within a metapopulation, inbreeding depression, heterosis, and outbreeding depression are simultaneously expressed on different traits. Inbreeding depression affects basically all fitness traits and is generally high (0.79 on the cumulative fitness measure on average), which is not surprising in a predominantly outcrossing species (70-100% outcrossing from our molecular data, in agreement with previous data on the same species; Jarne et al. 2000; Escobar et al. 2007) . To a certain extent heterosis, the increase in fitness traits upon interpopulation crossing, reflects the same type of mutations as in- Dev, deviance explained by the factor considered (i.e., change in deviance between models with and without that factor); MSQ, mean square; RLS, reproductive life span. Numerator and denominator degrees of freedom are given in parentheses with the corresponding F-values. ***P , 0.001; **P , 0.01; *P , 0.05; NS, P .
0.05.
breeding depression; i.e., it also stems from directional dominance, most likely due to a constant mutational input of deleterious, recessive alleles (Lynch 1991 ). An additional force is needed to generate heterosis: genetic drift, allowing allele frequencies to diverge among populations (Whitlock et al. 2000) . The importance of drift in our snail metapopulation is indicated by significant and relatively high neutral microsatellite F st (at such a small scale, all populations within 25 km), mostly in the range 10-20% (overall 12%). This degree of population structure appears sufficient for populations to fix (or nearly fix) different sets of mildly deleterious mutations, thus producing heterosis upon crossing. The occurrence of significant outbreeding depression in the F 1 of demes a few kilometers apart is more surprising. Outbreeding depression is usually considered an important issue when divergent populations, often recognized as distinct subspecies or well on the way to speciation, are brought into contact (e.g., during reintroduction programs) rather than for two demes in a local metapopulation. Moreover, outbreeding depression is considered more likely to be expressed in the F 2 , because different populations can more easily accumulate genetic incompatibilities (i.e., alleles with negative epistatic interaction) when the latter are completely recessive (the Dobzhansky-Muller model; Orr and Turelli 2001) . Our data show that genetic incompatibilities that are not purely recessive can accumulate in metapopulations and diverge in frequency among demes by genetic drift, even without long-term complete isolation, in such a way as to generate substantial outbreeding depression in the F 1 . The existence of such incompatibilities adds complexity to the interpretation of the observed pattern, because interpopulation F 1 will express the balance between two classes of alleles with opposite effects: deleterious recessives (creating heterosis) and genetic incompatibilities (creating outbreeding depression). Similar data have been obtained in plants from demes separated by short distances (Waser and Price 1989; Fenster 1991; Waser and Price 1994; Fischer and Matthies 1997) .
Inbreeding depression, heterosis, and outbreeding depression reveal differential impacts of mutations along the life cycle: The magnitude of inbreeding depression, heterosis, and outbreeding depression was very variable along the life cycle in P. acuta. Inbreeding depression was strongest early in life, inexistent at intermediate stages, and increased again after sexual maturity (RLS and fecundity). Such stage-specific differences in inbreeding depression have already been observed in other predominantly outcrossing organisms, especially plants (Husband and Schemske 1996; Koelewijn et al. 1999) . They are thought to arise because both mutational pressure and selection intensity vary among stages. Strong early-acting inbreeding depression reflects the expression of recessive lethal and sublethal mutations affecting basic functions ( Jarne and Charlesworth 1993; Husband and Schemske 1996; Remington and O'Malley 2000) . In organisms Log-inbreeding depression is provided outside and log heterosis within brackets. Note that for size at 150 days there was no surviving selfed progeny from population Vio 12; therefore the inbreeding depression could not be estimated (NA).
that survive the juvenile stage, the inbreeding depression observed in later life stages is probably due to a more restricted set of partially recessive mildly deleterious genes with age-specific expression (e.g., genes involved in late growth or reproduction). In agreement with this idea, we found no correlation between inbreeding depression among life stages, suggesting that genes causing inbreeding depression are to some extent independent across the life cycle.
The fitness in F 1 interpopulation hybrids reveals the balance between heterosis and outbreeding depression. Theory states that the fitness loss caused by genetic incompatibilities has to exceed twice the benefit from dominance for the F 1 population to exhibit outbreeding depression (Lynch 1991) . Our results show that outbreeding depression predominates at early stages while heterosis predominates at the reproductive stage (RLS and fecundity). This suggests that viability is relatively more affected by genetic incompatibilities while mutations affecting specifically the reproductive stage are more of the deleterious recessive type. The expression of strong incompatibilities affecting viability is surprising because, in the context of speciation, it is often assumed that hybrid fertility is compromised earlier than hybrid viability during the process of population divergence (Presgraves 2003) . For example, interspecific F 1 's often show heterosis for survival and condition, while at least one sex is sterile (Orr and Turelli 2001) . Interestingly, in our data set, late-acting heterosis and early-acting outbreeding depression cancel out when analyzing our cumulative fitness measure (the lifetime reproductive success); i.e., averaging over the entire life cycle, interpopulation F 1 hybrids are as fit as offspring from local residents. As for inbreeding depression, heterosis was not correlated among life stages, suggesting independence among genes at different stages of the life cycle. Furthermore, inbreeding depression and heterosis were not correlated to each other at any stage of the life cycle, which is expected because inbreeding depression is due to mutations segregating within demes, while heterosis is more affected by mutations that reach fixation in some demes.
Genetic divergence among populations and habitat types: As expected, and in agreement with previous studies (Bousset et al. 2004; Henry et al. 2005) , rivers exhibited more neutral genetic variation and less genetic divergence (F st ) than ponds. River populations also outperformed pond populations with respect to early (0-15 days) and late (RLS) survival (intrapopulation outcrossing treatment). This suggests that small population size and isolation enhance genetic drift within populations, which in turn has parallel effects on neutral variation (less variation within and more variation among demes) and on nonneutral variation (larger standing genetic load).
Comparisons between phenotypic (Q st ) and molecular (F st ) divergence are usually interpreted as characterizing the type of selection (spatially heterogeneous selection if Q st . F st and homogeneous selection when F st . Q st ; McKay and Latta 2002; Goudet and Bü chi 2006) . However, this interpretation should be viewed with caution here because the traits involved (survival and fecundity) are likely to be positively selected in all populations rather than selected for intermediate optima, and we did not detect correlations with other traits that could be indicative of trade-offs. Although heterogeneous selection cannot be excluded, the fact that the habitat type (river vs. pond) explains more variance in RLS than in molecular traits (Q ct . F ct ), as Definitions are the same as in Table 2 . Data include intra-and interpopulation crosses. The additive model constrains interpopulation crosses to have performances equal to their midparent value. The symmetric nonadditive model relaxes this constraint, but constrains reciprocal interpopulation crosses to be equal. Finally the asymmetric nonadditive model fits one value for each cross including reciprocals.
mentioned above, likely reflects a differential impact of drift (fixation of mildly deleterious alleles by drift being more frequent in small isolated populations) rather than different selection regimes. Similarly, the larger Q st for most traits in the pond group of populations, relative to the river group, probably reflects a larger influence of drift in pond populations (so that even selected traits behave more like neutral ones in ponds). At any rate, one should remain cautious in comparing F st and Q st here, both because of the imprecision in Q st estimates (based on relatively few populations) and because of dominance, the presence of deleterious recessives, and epistasis, all of which can affect classical predictions (Whitlock 1999; Ló pez-Fanjul et al. 2003; Goudet and Bü chi 2006) .
Because the mean and variance in mutation frequency across demes depend on genetic drift, inbreeding depression, heterosis, and outbreeding depression are all expected to vary stochastically among populations. This is basically what we found. However, variation in inbreeding depression seems limited to the early survival stage, and basically all populations show strong inbreeding depression. On the other hand, the balance between outbreeding depression and heterosis seems more variable, with positive values for some population pairs and negative values for others, for both early and late traits. More specific predictions can be made on interpopulation variation assuming that local populations vary with respect to effective size and isolation. In small and isolated populations, deleterious allele frequencies should more easily drift away from the deterministic equilibrium and from the metapopulation mean (up to local fixation) (Kimura et al. 1963; Bataillon and Kirkpatrick 2000; Glémin et al. 2001) . They should therefore exhibit less inbreeding depression and more heterosis than larger ones. However, considering that heterosis is expected to arise from milder mutations than inbreeding depression on average, the sensitivity to population sizes should differ: populations must be very small to lose a substantial part of their inbreeding depression, while even moderately small effective sizes allow heterosis to increase (Kirkpatrick and Jarne 2000; Glémin et al. 2001; Glémin 2003) . Habitat (pond vs. river), our proxy for population size, did not explain interpopulation variation in inbreeding depression in our data set; however, it did have a significant effect on heterosis for RLS in the expected direction; i.e., ponds benefited more from interpopulation outcrossing than did rivers. This suggests that the range of variation in effective size among the studied populations was sufficient to generate differential rates of fixation of mildly deleterious recessive alleles, but populations were still large enough to avoid the fixation of stronger mutations and thus retain their inbreeding depression. Interpreting why the effect of interpopulation outcrossing on early survival was less detrimental to ponds than to rivers is more complicated. Assuming that this effect represents the sum of a negative term (outbreeding depression) and a positive one (heterosis), this observation could be explained (as for RLS) by the increase in heterosis expected in small populations. However, small population size, by enhancing the influence of genetic drift and genetic divergence among populations, should in principle increase both heterosis and outbreeding depression, and the effect could therefore go both ways. Unfortunately, we lack precise theoretical expectations to predict whether both outbreeding depression and heterosis could respond to the same range of variation in population size.
Additive and nonadditive effects on variation in heterosis and outbreeding depression: The variation in heterosis or outbreeding depression among populations could be due in part to additive effects, i.e., differences in the average breeding value among populations for a given trait. For example, although alleles with purely additive effects generate neither heterosis nor outbreeding depression on average, they contribute to the variance among populations because populations with below-average breeding values (e.g., pond populations) will tend to gain fitness, while populations with above-average breeding value (e.g., river populations) will tend to lose fitness, when mixing their genes with genes from other populations. If additive effects were mainly responsible for differences in heterosis/outbreeding depression among populations, we expect (i) that these differences would be determined mainly by the performances in the withinpopulation crosses, (ii) that the highest heterosis should be observed in ponds, when crossing them with a river population, though not (or less) when crossing them with another pond population. We have no evidence for either i or ii. The interaction between maternal habitat type and cross type (i.e., the variation in heterosis among maternal habitat types) remains significant once the paternal habitat is controlled for in the model. Moreover, very significant nonadditive interactions among the paternal and maternal populations are observed, and heterosis occurs in pond 3 pond crosses just as it does in pond 3 river crosses. Interactions in a given population pair seem highly idiosyncratic, with some heterotic crosses and some crosses showing outbreeding depression, sometimes involving the same maternal populations (Figure 4 and supplemental Figure 2 ). In addition, many of the crosses show asymmetry between reciprocal crosses, which is globally significant for all fitness traits but RLS. Asymmetries can result from several mechanisms, including maternal effects (Roach and Wulff 1987) , nucleocytoplasmic gene interactions (Galloway and Fenster 1999; Pélabon et al. 2005) , and locally adapted alleles interacting differently with native and foreign genetic backgrounds (Wright 1931; Wade 1992) .
With respect to early survival, the observed asymmetry is certainly strongly influenced by maternal effects. Even if eggs were separated from their mother immediately after oviposition, maternal effects can be mediated through egg cytoplasm (e.g., amount of nutritive reserves) and such mechanisms may dominate all other sources of asymmetry in early-expressed characters (Roach and Wulff 1987) . Conversely, maternal effects are probably limited when evaluating adult traits, such as fecundity. In this case, hypotheses invoking genetic background, such as nucleocytoplasmic incompatibilities, commonly observed for fecundity traits (reviewed in Budar et al. 2003) , are probably involved. Further research is needed to determine whether the genetic divergence between P. acuta populations involves other mechanisms than nuclear genes.
In conclusion, we provide evidence for the simultaneous expression of inbreeding depression, heterosis, and outbreeding depression in first-generation offspring, at the scale of local demes within a metapopulation. We show that the relative importance of the three phenomena varies along the life cycle, i.e., among different fitness traits, which are exposed to different impacts of both mutation pressure and selection. Specifically, inbreeding depression and outbreeding depression are more intense in early-expressed traits while heterosis is moderate and more visible during the reproductive stage. In addition, we provide evidence that the effects of interpopulation crossing largely vary depending on the focal maternal populations. A large part of this variation is not additive and is influenced by maternal or cytoplasmic effects, reflecting unpredictable interactions between genetic backgrounds that have diverged through stochastic processes. However, as predicted by theory, habitat type, through its effect on effective population size and/or immigration rates, explains a part of the variation in heterosis among populations.
